subsequently eroded the layer, reducing peak concentration by 50% after 30 hours. Consideration of a local reduction in eddy diffusivity, typically encountered at the pycnocline, further increases layer intensity and duration. Importantly, we predict layer formation for shear rates (S = 0.12 s −1 ) comparable to those observed in thin layers (up to S = 0.088 s −1 ) (1, 4), particularly considering that the latter likely underestimate peaks in shear because of coarse (meter-scale) sampling (1, 4). Furthermore, recent high-resolution measurements find S in excess of 0.5 s −1 in coastal waters (26), although the temporal coherence of these events remains to be determined.
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Given the wide range of environmental conditions and species associated with thin layers, it is unlikely that a single mechanism is responsible for all layers (27) . Although several mechanisms have been hypothesized, including in situ growth (24) , buoyancy (27) , and motility toward optimal resource levels (5), straining of a phytoplankton patch by shear is currently the most invoked (4, 16, 24, 27) . Our findings offer an alternative explanation of the role of shear: Regions of enhanced shear disrupt vertical motility and trigger sharp-peaked cell accumulations ex novo (Fig.  5B ). This could occur routinely in natural water bodies because many species of phytoplankton are gyrotactic (28) . Contrary to straining, gyrotactic trapping predicts that a mixture of phytoplankton species with differing gyrotactic behavior (e.g., B) will be sorted into multiple monospecific layers at different depths: Such vertical species separation is often observed in the ocean (29) and can affect zooplankton foraging and the spread of viral epidemics.
Gyrotactic trapping suggests that stabilization against tumbling might represent an evolutionarily selected trait for vertically migrating phytoplankton species. The parameter B −1 measures a cell's stability against overturning by shear. Whereas no stabilization (B −1 = 0) leaves the cell at the mercy of flow even at very small shear rates, stabilization is limited by biomechanical constraints (e.g., how bottom-heavy a cell can be) and excessive stabilization hinders maneuverability in exploiting nutrient patches and escaping predators. Although a simple model suggests that biomechanical constraints are not the only determinants of cell stability (23), further investigation is needed to establish the importance of stabilization in determining cell morphology.
The importance of motility in governing the spatial distribution of microorganisms in the ocean has been emphasized in recent years, chiefly for bacteria navigating patchy distributions of organic matter (30, 31) . Here we have demonstrated that motility and shear can generate intense thin layer accumulations of phytoplankton by gyrotactic trapping. By focusing resources, thin layers shape ecological interactions and can significantly affect trophic transfer and biogeochemical fluxes (7). Our results reveal how prominent macroscopic features of the marine landscape can originate from the microscopic coupling between flow and the motility of some of its smallest inhabitants. Retinoic acid inducible-gene I (RIG-I) is a cytosolic multidomain protein that detects viral RNA and elicits an antiviral immune response. Two N-terminal caspase activation and recruitment domains (CARDs) transmit the signal, and the regulatory domain prevents signaling in the absence of viral RNA. 5′-triphosphate and double-stranded RNA (dsRNA) are two molecular patterns that enable RIG-I to discriminate pathogenic from self-RNA. However, the function of the DExH box helicase domain that is also required for activity is less clear. Using single-molecule protein-induced fluorescence enhancement, we discovered a robust adenosine 5´-triphosphate-powered dsRNA translocation activity of RIG-I. The CARDs dramatically suppress translocation in the absence of 5′-triphosphate, and the activation by 5′-triphosphate triggers RIG-I to translocate preferentially on dsRNA in cis. This functional integration of two RNA molecular patterns may provide a means to specifically sense and counteract replicating viruses. modifications (4) (5) (6) . Another PAMP for RIG-I is double-stranded RNA (dsRNA), although it is less effective than 5′-triphosphate (1, (7) (8) (9) (10) (11) (12) (13) . It remains unclear, however, whether these distinct patterns trigger RIG-I signaling independently or whether they are integrated by RIG-I to increase specificity for viral RNA. RIG-I consists of two N-terminal tandem CARDs (caspase activation and recruitment domains), a central DExH box RNA helicase/adenosine triphosphatase (ATPase) domain, and a C-terminal regulatory domain (RD). The CARDs are ubiquitinated by tripartite motifcontaining 25 (TRIM25) (14) , and the ubiquitinated CARDs interact with the CARD on mitochondrial anti-viral signaling (MAVS; also called IPS-1, Cardif, or VISA) on the mitochondrial outer membrane to elicit downstream signaling that leads to IFN expression (15) (16) (17) (18) . The C-terminal RD inhibits RIG-I signaling in the absence of viral RNA (8) and senses the 5′-triphosphate in order to guide RIG-I to bind viral RNA with high specificity (19, 20) . Although the role of CARDs and RD has been characterized, the function of the ATPase domain remains elusive (21) . A single-point mutation (Lys 270 →Ala 270 ) in the ATPase site rendered RIG-I inactive in antiviral signaling (1), even though it retained RNA-binding ability (22) . Furthermore, the ATPase activity of RIG-I correlates closely with the dsRNA-induced RIG-I signaling (13) . However, it is unknown why the ATPase activity is required for RIG-I function.
Cytosolic
RNA/DNA helicases usually unwind duplex nucleic acids by translocating on one of the product single strands by using adenosine 5´-triphosphate (ATP) hydrolysis, and their ATPase activity is consequently stimulated by single-stranded (ss) nucleic acids. In contrast, the ATPase activity of RIG-I is stimulated by dsRNA (19) . We therefore examined whether RIG-I uses ATP hydrolysis to translocate on dsRNA. The dsRNA was made by annealing two complementary 25-nucleotide oligomer ssRNAs, one labeled with 3′-biotin and the other with a 3′-fluorescent label, DY547 (Dharmacon, Lafayette, CO). The dsRNA was tethered to a polymer-passivated quartz surface coated with neutravidin (Fig. 1A) . The activity of RIG-I was monitored by a method termed proteininduced fluorescence enhancement (PIFE), which we found to be an effective alternative to fluorescence resonance energy transfer (FRET) (23, 24) . The method monitors changes in intensity of a single fluorophore that correlates with proximity of the unlabeled protein (more details and comparison of PIFE and FRET data for Rep helicase translocation are given in fig. S1 ) (25) . PIFE can be used to study nucleic acids motors without fluorescent modification and even with high dissociation constant, which would prohibit singlemolecule analysis of labeled proteins.
We first tested a RIG-I truncation mutant that lacks both of the CARDs, termed RIGh, because its ATPase activity is efficiently stimulated by dsRNA without the need for 5′-triphosphate on RNA (19) . Binding of RIGh to dsRNA was visualized as an abrupt rise in the fluorescent signal of a single DY547 after the addition of protein ( (Fig. 1, C and D ; data obtained at 23°C). Translocation here is defined as directed movement of RIG-I along the axis of dsRNA without unwinding it. Under our conditions, RIG-I does not unwind dsRNA ( fig. S3 ).
At 37°C, RIGh-induced fluctuation of the DY547 signal became more rapid (Fig. 2A) . The time interval between successive intensity peaks, denoted by Dt, was determined from many molecules of RIGh translocating on 25-base pair (bp) and 40-bp dsRNA, and the resulting histograms show a single narrow peak with a longer average value for the longer dsRNA (2.9 s for 40 bp and 1.1 s for 25 bp) (Fig. 2B) . When 100 nM wildtype RIG-I (wtRIG) was added with 1 mM ATP, the fluorescence signal also showed a gradual fluctuation at regular intervals but at a muchreduced frequency as compared with that of RIGh (Fig. 2C) . Dt histograms are peaked at longer times for 40-bp as compared with 25-bp dsRNA (32.6 s versus 18.5 s), and their average values are 15 times higher than those of RIGh (Fig. 2D) .
To test the role of ATP in the translocation reaction, the average of Dt, t avg , was determined by Gaussian fitting of Dt histograms over a range of ATP concentrations ( fig. S4 ). The inverse of t avg was plotted versus ATP concentration and fitted well to the Michaelis-Menten equation, yielding K m of 180 mM (Fig. 2G) . The length dependence and ATP dependence show that the ATPase activity of RIG-I powers its translocation on the entire length of dsRNA. The contrast between the (19) and with the report that CARDs inhibit the ATPase activity of RIG-I (8).
To further evaluate the regulatory role of CARDs, we tested the RIG-I splice variant, svRIG, which lacks amino acids 36 to 80 in the first CARD (26) . svRIG confers dominant negativity in antiviral signaling, implying a loss of signaling function arising from a deficient CARD. The translocation activity of svRIG on dsRNA is highly similar to that of RIGh and is characterized by much more rapid fluctuations as compared with wtRIG (Fig. 2, A and F) . svRIG translocation is also ATP-dependent with K m of 114 mM similar to that of RIGh ( fig. S5) . Thus, CARD-mediated suppression of translocation activity requires complete CARDs.
Apart from dsRNA, a powerful PAMP for RIG-I is 5′-triphosphate (2, 22) . To examine if 5′-triphosphate influences the RNA translocation activity of RIG-I, we prepared 5′-triphosphate RNA (86-nucleotide oligomer) via in vitro transcription and annealed it to a complementary 20-nucleotide oligomer DNA strand. The DNA strand was modified with a 3′ fluorophore (Cy3) and 5′ biotin, which serves as a fluorescence reporter and a surface-tethering point, respectively (Fig. 3A) . Addition of wtRIG and ATP to this substrate resulted in extremely rapid fluctuations in the fluorescence signal (Fig. 3, B and C) . The rate of translocation, calculated as (t avg ) −1 , was dependent on the ATP concentration, with a K m value of 37 mM ( fig. S6 ). RIGh showed translocation activity on 5′-triphosphate RNA with a rate comparable with wtRIG (Fig. 3, D and E) .
wtRIG's translocation on 5′-triphosphate RNA is over 20 times faster than on dsRNA (t avg of 18.5 s versus 0.85 s) (Figs. 1C and 3C) . Combined with the data on RIGh and svRIG that showed rapid dsRNA translocation activity regardless of the presence of 5′-triphosphate, we conclude that (i) intact CARDs are necessary to negatively regulate the dsRNA translocation activity of RIG-I and (ii) recognition of 5′-triphosphate by RD completely lifts the suppression by CARDs. Therefore, RNA translocation of RIG-I is regulated by its N-terminal (CARD) and C-terminal (RD) domains. Because the immobilized RNA molecules are more than 1 mm apart from each other, the effect of 5′-triphophate must be in cis; that is, RIG-I translocates rapidly on the same RNA that presents 5′-triphosphate. Adding up to 100 times molar excess of 5′-triphosphate-containing ssRNA strand did not increase the translocation rate of wtRIG on dsRNA (fig. S7) .
The 5′-triphosphate RNA we used has both single-stranded and double-stranded portions, and the double-stranded portion is a RNA/DNA heteroduplex. Studies on various nucleic acid substrates showed that RIG-I is an RNA-specific translocase that tracks one RNA strand either on dsRNA or RNA/DNA heteroduplexes (figs. S8 and S9). Does RIG-I, upon recognition of 5′-triphosphate, translocate on the ssRNA, the duplex region, or both? To answer this question, we progressively lengthened the duplex from 20 to 50 bp while progressively shortening the single-stranded region proximal to 5′-triphosphate from 66 to 36 nucleotides (nt) (Fig. 4A) . t avg of both wtRIG and RIGh increased linearly with the duplex length, demonstrating translocation on duplex rather than ssRNA (Fig. 4B and fig. S10 ). Varying the ssRNA tail length while keeping the same length dsRNA did not change t avg (Fig. 4, C and D, and  fig. S11 ). The asymmetric PIFE signal on the heteroduplexes indicates 5′ to 3′ translocation directionality ( fig. S12) .
The highly periodic repetitive nature of the translocation signal, reminiscent of Escherichia coli Rep and Hepatitis C virus NS3 helicases (27, 28) , suggests that a single unit of RIG-I repeatedly moves on one RNA without dissociation. This was further verified by washing the reaction chamber with ATP-containing buffer devoid of protein, which left a majority of molecules still in repetitive motion ( fig. S13) . As a further test, we labeled RIGh nonspecifically with the acceptor fluorophore, and performed single-molecule FRET experiments on the donor-labeled RNA. Periodic anticorrelated changes of the donor and acceptor intensities, consistent with RIG-I translocation on RNA ( fig. S14) , were observed.
The dsRNA translocation activity on RNA that contains 5′-triphosphate would serve as a signal verification mechanism by activating the ATPase only if the RNA features both PAMPs, the 5′-triphosphate, and dsRNA. Thus, our data not only suggest a functional connection between the apparently different PAMPs but also indicate that integration of more than one PAMP in a single activation mechanism could be important for the selective distinction of host from viral RNA. 
REPORTS
What is the molecular function of the translocase activity? Translocation might effectively interfere with viral proteins by preventing them from binding, blocking their progression, or displacing them, thus actively interfering with viral replication (29) . However, such a function does not explain why an ATPase-deficient mutation of RIG-I lacks signaling activity. Perhaps repetitive shuttling at dsRNA regions of the viral genome, which may arise from genome replication, transcription, or stable secondary structures, could provide a structural conformation in RIG-I with exposed CARDs to attract the next players in the signaling cascade (Fig. 4E) . The signal strength is likely related to the amount of time spent in translocation mode and therefore to the length of RNA. This might explain how RIG-I and melanoma differentiation-associated protein-5 (MDA5) may differentially read out very long dsRNA regions (13) . Finally, our finding of RIG-I as a dsRNA translocase completes the range of activities in superfamily 2 DExH box ATPases, which now include single-strand-and double-strand-specific translocases for both RNA and DNA (30) . The data shown were taken at room temperature because of an extremely fast kinetic rate observed at 37°C. RIGh also showed robust translocation activity on this substrate. (C and E) Dwell-time analysis indicates that wtRIG showed a slightly higher rate of translocation than did RIGh. The mammalian brain exhibits diverse types of neural plasticity, including activity-dependent neurogenesis in the adult hippocampus. How transient activation of mature neurons leads to longlasting modulation of adult neurogenesis is unknown. Here we identify Gadd45b as a neural activity-induced immediate early gene in mature hippocampal neurons. Mice with Gadd45b deletion exhibit specific deficits in neural activity-induced proliferation of neural progenitors and dendritic growth of newborn neurons in the adult hippocampus. Mechanistically, Gadd45b is required for activity-induced DNA demethylation of specific promoters and expression of corresponding genes critical for adult neurogenesis, including brain-derived neurotrophic factor and fibroblast growth factor. Thus, Gadd45b links neuronal circuit activity to epigenetic DNA modification and expression of secreted factors in mature neurons for extrinsic modulation of neurogenesis in the adult brain.
A dult neurogenesis represents a prominent form of structural plasticity through continuous generation of new neurons in the mature mammalian brain (1, 2) . Similar to other neural activity-induced plasticity with fine structural changes within individual neurons, adult neurogenesis is modulated by a plethora of external stimuli (1, 2) . For example, synchronized activation of mature dentate neurons by electroconvulsive treatment (ECT) in adult mice causes sustained up-regulation of hippocampal neurogenesis (3) without any detectable cell damage ( fig. S1 ). How transient activation of mature neuronal circuits modulates adult neurogenesis over days and weeks is largely unknown.
Epigenetic mechanisms potentially provide a basis for such long-lasting modulation (4). We examined the expression profiles of known epigenetic regulators in response to ECT, including those involved in chromatin modification (5) . One gene that we found to be strongly induced by ECT was Gadd45b (Fig. 1A) (6) , a member of the Gadd45 family previously implicated in DNA repair, adaptive immune response (7-10), and DNA 5-methylcytosine excision in cultured cells (11) . We first characterized Gadd45b induction by neuronal activity in the adult hippocampus (5). Analysis of microdissected dentate gyrus tissue showed robust, transient induction of Gadd45b expression by a single ECT (Fig. 1A, fig. S2 , and table S1). In situ analysis revealed induction largely in NeuN + mature dentate granule cells (Fig. 1B  and fig. S3 ). Spatial exploration of a novel environment, a behavioral paradigm that activates immediate early genes (IEGs) (12) , also led to significant induction of Gadd45b, but not Gadd45a or Gadd45g (Fig. 1, C and D) . Most Gadd45b-positive cells also expressed Arc (Fig.  1D ) (88 T 3%, n = 4), a classic activity-induced IEG. Thus, physiological stimulation is sufficient to induce Gadd45b expression in dentate granule cells. Experiments with pharmacological manipulations of primary hippocampal neurons further suggested that Gadd45b induction by activity requires the N-methyl-D-aspartate receptor (NMDAR), Ca
2+
, and calcium/calmodulin-dependent protein kinase signaling ( fig. S4 and supporting text) . In vivo injection of the NMDAR antagonist +3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) abolished ECT-induced Gadd45b and Arc expression in the adult dentate gryus (Fig.  1E) . Together, these results suggest that Gadd45b shares the same induction pathway as classic activity-induced IEGs (13).
We next assessed whether Gadd45b induction is required for neural activity-dependent adult neurogenesis. Adult Gadd45b knockout (KO) (10) mice appeared anatomically normal ( fig. S5 ) and exhibited identical NMDAR-dependent induction of known IEGs at 1 hour after ECT (Fig. 1E) . To examine neural progenitor proliferation, adult mice at 3 days after ECT or sham treatment were injected with bromodeoxyuridine (BrdU) and killed 2 hours later (5). Stereological counting showed similar densities of BrdU + cells in the dentate gyrus between wild-type (WT) and KO mice without ECT (Fig. 2) . After ECT, however, there was a 140% increase in the density of BrdU + cells in WT mice and only a 40% increase in KO littermates (Fig. 2) . Little caspase-3 activation was detected within the dentate gyrus under all these conditions (figs. S1 and S6), ruling out a potential contribution from cell death. To confirm this finding with a manipulation of better spatiotemporal control, we developed effective lentiviruses to reduce the expression of endogenous Gadd45b with short-hairpin RNA (shRNA) (fig.  S7 ). Expression of shRNA-Gadd45b through stereotaxic viral injection largely abolished ECTinduced proliferation of adult neural progenitors, whereas the basal proliferation was similar to that of shRNA-control ( fig. S7 ). We also examined exercise-induced adult neurogenesis, a physiological stimulation that induced a modest increase in Gadd45b expression ( fig. S8A) . A 7-day running program led to a marked increase of neural progenitor proliferation in adult WT mice, but was significantly less effective in their KO littermates ( fig. S8B ). Together, these results demonstrate a specific and essential role of Gadd45b in activityinduced, but not basal, proliferation of neural progenitors in the adult dentate gyrus.
We next examined the role of Gadd45b induction in the dendritic development of newborn
